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We present a measurement of Br(B — Dg*)Dg*)) and derive the width difference between mass
eigenstates in the BY system, AT'; = I'y, — I'y. Under certain assumptions, the final state of BY —
DYDY s predominantly CP-even and the branching fraction measurement can be related directly
to ATSP. The branching fraction is measured to be Br(BY — Dg*)Dg*)) = 0.042 + 0.015(stat) +
0.017(syst) and the width difference is found to be AI';/T's = 0.088 £ 0.030(stat) £ 0.036(syst) in
the standard model. The result is based on a 2.8 fb~! data set recorded by the DO detector at the
Fermilab Tevatron Collider.
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I. INTRODUCTION

In the standard model (SM), the B? — B? mixing phase ¢ {= arg(M;2)} can be safely neglected for a discussion of
AT ;. In this case, the mass eigenstates coincide with the CP eigenstates with |By) = |B¢**") and |By) = |B244), and
any b — c¢s decay into a CP-even ground state like D} D arises solely from the |Br) component in the untagged
sample. A lifetime fit to this decay therefore determines I';,. However, in the presence of new physics, the CP-violating
phase ¢, can be large and ATy is diminished by a factor of cos ¢s; ATy = AT cosgs, where ATSP {= [even —odd}y
is insensitive to the new physics. Under various theoretical assumptions [1], the final state in B — Dg*)Dg*) also
becomes C P-even to within 5%. In this limit, the branching ratio to this final state is related to the fractional width

difference by [2, 3]
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This method for measuring ATYF /T, has been exploited by ALEPH [5] using ¢¢ correlations, and D0 [6] using DsD;
correlations assuming no new physics, for which ¢ = 0 and AT'S”? is equivalent to AT'y. From these experiments the
world average is AT';/T's = 0.096 +0.048 [4]. Within the SM framework, on the other hand, this ratio is predicted by
theory [7] to be AT's/T's = 0.127 & 0.024.

This analysis is based on a data sample corresponding to an integrated luminosity of 2.8 fb~! of pp collisions

collected by the DO detector at the Fermilab Tevatron Collider between 2002 and 2007. Due to the installation of an

additional layer of silicon tracker in 2006, separate measurements are performed for Run Ila (1.3 fb~!) and Run IIb

(1.5 fb~1) and later combined. This analysis considers BY decays into two Dg*) mesons and the correlation between

*
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these final state particles is examined. Here, Dg*) denotes either Dy or D}, since it is not possible to distinguish

between them due to undetected particles in the D* — Dy /7" decay. We search for one Dg*) decaying to ¢m and

the other decaying to ¢uv, where both ¢’s decay to K™K ~. We designate the first ¢ as ¢1 and the second as ¢2. The

branching ratio measurement is performed by normalizing the B — Dg*)Dg*) sample to the B? — Dg*) pv sample:

N(B? - DDy 2.Br(BY — D D{)Br(Dy — ¢uv)Br(¢p — KK) ¢(B? — DS D) -
N(Dyp) f(B® — D& ) Br(BY — D ) (B — D)

where N is the number of events in each sample, f is the fraction of events in the Dsu sample originating from the
BY — Dg*) uv decay, and € is the reconstruction efficiency.

The DO detector was designed as a general purpose detector [8] and comprises a central tracking system, a LAr-
U calorimeter, and an iron toroid muon spectrometer. Charged particles are reconstructed by the tracking system
consisting of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT) located inside a superconducting
solenoidal coil that provides a magnetic field of 2 T. Muons are reconstructed using a spectrometer located outside
the calorimeter. It consists of magnetized iron toroids and three superlayers of proportional drift tubes along with
scintillation trigger counters.

II. SAMPLE SELECTION
A. Common Sample

Most of the events were collected using single-muon triggers, although no explicit trigger requirement was made.
Categorizing events into samples is the first stage of the analysis. We select a common sample containing muon tracks
and Dy — ¢17 candidates, Ds(¢17). Muons are selected with momentum requirements, pr > 2.0 GeV/c and total
momentum pg; > 3.0 GeV/c. Two oppositely charged particles with pr > 0.7 GeV/c are assigned the kaon mass to
form a ¢ meson. For each track, the transverse, er, and longitudinal, €, projections of the track impact parameter
with respect to the primary vertex, along with the corresponding uncertainties o(er) and o(er,), are computed. The
significance (e7 /o (er))?+ (/0o (er))? is required to be greater than 4 for at least one of kaons. To select signal events,
the two-kaon system is required to have pr > 2.0 GeV/c and 1.010 < m(KK) < 1.030 GeV/c?. A third particle
with an opposite charge to the muon is assigned the pion mass and combined with the pair of kaons to reconstruct
the Dg(¢17) system. To be accepted, the x2,, of the three-track vertex fit is required to be less than 16. For good
D, (¢17) candidates, the significance of the distance between the primary vertex and the Dy vertex in the transverse
plane, d2| is also required to be greater than 4 standard deviation, i.e. d?/o(d2) > 4. The angle o between the
D, momentum and the displacement from the primary vertex to the D, vertex in the transverse plane must satisfy



cos(a% ) > 0.90. Furthermore, the helicity angle, 0, is defined as the angle between the D, and one of the kaons in
the KK center of mass frame, and the condition |cos(0pe;)| > 0.30 is imposed.

B. D,u Sample

A D,p sample is constructed by requiring the trajectory of the muon and the D4(¢$17) to originate from a common
vertex. These tracks are required to have a well-reconstructed vertex by demanding x2,, < 9 for the vertex fit. If the
distance df exceeds 4 - o0(d?), the angle o£ is required to satisfy cos(a%) > 0.95. The distance d% is allowed to be
greater than d2, provided the distance, 27 between B? and D; vertices is less than 2-o(d2P). Isolation is defined as
the momentum fraction of signal-associated tracks with respect to all tracks in a cone AR = /(An)2 + (A¢)? < 0.5
around the direction of the D4y system. We require the isolation to be greater than 0.50. The visible proper decay
length, VPDL, M(BY) - (L - pr)/p2, is introduced to reject non-b background processes. Here M (B9) is the mass of
the BY meson, ET is the displacement from the primary vertex to the B decay vertex in the transverse plane, and pr)
is the total transverse momemtum vector. We require VPDL to exceed 150 um. All events satisfying pr(Dsp) > 10
GeV/c and 2.30 < m(Dsp) < 5.20 GeV/c? are selected as the Dy sample.

C. Ds¢op Sample

To construct a Dgspopu sample, we search for another pair of oppositely charged particles from the common sample
to form the second ¢2(K K) system. The same selection criteria as in the common sample are imposed on the kaons,
except the transverse momentum pr(KK) > 3.0 GeV/c is introduced to suppress fake tracks. This ¢o(K K) system
is combined with the muon to produce a common vertex for the secondary D, candidate. The x?2,, of the three-track
vertex fit is required to be less than 25. If the distance d? exceeds 4 - a(drfp’ ), the angle ozrfp’ is required to satisfy
cos(a) > 0.90. We enhance the signal by imposing constraints of pz > 6.0 GeV/c and 1.30 < m < 1.85 GeV/c?
on the Dy — ¢op system, Dg(pap). The Dy(p17m) and Ds(pop) are required to originate from a common vertex to
reconstruct B mesons. To reduce many systematic uncertainties, we apply the same selection criteria to these By
candidates as in the Dyu sample except the mass constraint. All events whose total invariant mass lies between 4.30
and 5.20 GeV/c? are categorized as the D pou sample.

D. Combined Tagging Variable

The final sample selection is performed by utilizing a likelihood ratio method [9]. For a set of discriminating
variables, the probability density functions (PDFs) are built from the signal region and from background sidebands.
The sidebands are background regions adjacent to the signal and of a half mass width of the signal. The ratio of these
PDFs is calculated for each variable and then combined to produce the combined tagging variable. The requirement
on this variable is determined by demanding the maximal value of S/v/S + B, where S and B are the number of
signal and background events.

III. FITTING PROCEDURE

A binned likelihood fit is chosen for the D,u sample and all events with 1.70 < m(Ds(¢17)) < 2.30 GeV/c? are used
in the fit. The resulting D4(¢17) and ¢1 (K K) invariant mass distributions are shown in Fig. 1. The number of D pu
events is extracted assuming possible contributions from D* and D, as signal and from combinatorial backgrounds.
The fit gives N(Dyu) = 28,680 + 288.

The correlation between D, (¢;7) candidates and ¢o(K K) candidates can be exploited in a two-dimensional un-
binned likelihood fit. All events with 1.70 < m(¢17) < 2.30 GeV/c? and 0.980 < m(K K) < 1.070 GeV /c? are included
in the fit. In this procedure, all mean mass and width parameters of the PDFs for both Dg(¢17) and ¢2(KK) are
fixed to the values obtained from the Dgu sample, while all parameters of the background functions are left uncon-
strained. Fig. 2 shows the result of the fit for the signal and background, where the fit yields N(Dg¢pop) = 31.0 9.4
The statistical significance is calculated to be 3.7 o based on the change in the likelihood when we fit the entire
data set with and without a signal. For a consistency check, a binned likelihood fit is also implemented on the
same sample by looking at one system at a time. N(Dgpou) = 31.2 £ 10.7 is obtained from the ¢;7 mass fit, while
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FIG. 1: Invariant mass distributions for the Dsp sample. (a) m(¢17) spectrum from the KK signal region, 1.01 < m(KK) <
1.03 GeV/c?. The two peaks represent the D¥ — ¢r (left) and the Ds — ¢ (right). (b) m(KK) spectrum from the m(¢p17)
signal region, 1.92 < m(¢1m) < 2.00 GeV/c?.

N(Dspap) = 31.7+11.3 are observed from the K K mass fit. These numbers are consistent with the results from the
unbinned likelihood fit.

IV. SAMPLE COMPOSITION

A. D,pu Sample

The fraction f(BY — Dg*),uVX) is extracted by analyzing the Dsp sample. Treating BY — Dg*)qu decay as signal,

the following decay processes are considered as background: B° — Dg*)D(*)X, Bt — Dg*)D(*)X, BY — Dg*)D(*)X,
BY — DYDY, with D™ — ywX, and B® — DS7vX(r — pwv). These channels are simulated using the DO
standard Monte Carlo (MC) tools and reconstructed using the same algorithms as for data. In addition to these
processes, the peaking background, which consists of events originating from non-B mesons and is dominated by c¢
production, is also taken into account. The c¢ contribution to the B? — Dg*)qu sample, fez(cc — Dg*)uu), is
estimated to be (10.3 = 2.5) % and the VPDL distribution is a Gaussian centered at zero [11]. Based on these two
results, the ¢¢ contribution with the requirement of VPDL > 150 pum is estimated to be (1.9 £ 0.5) %. After all cuts,
the signal fraction in the D, sample is estimated by

1
f(Bs — DY pv) — fes(ce — D pv) = ST

where 7; is the ratio of the efficiency for the individual background processes to the efficiency for the total signal
processes By — D uvX.

B. Dspaop Sample

The number of candidates, N (Dg*)Dg*)) and Ncg(Dg*)Dg*)), are determined from the Ds¢op sample decomposition.
Considering B? — Dg*)Dg*) as the signal process, the following are background processes: 1) B — Dg*)Dg*)X, 2)
B0 Dg*)Dg*)X, 3) BY — Dg*)uu¢7 4) BY — Dg*)/u/ + uncorrelated ¢ from fragmentation, and 5) peaking
background. The first background component consists of the B? multi-body double charm decays that are not CP
eigenstates and have not been explicitly observed experimentally. Two possible final states are Dg*)Dg*)(n)w and

Dg*)Dg*)qﬁ. Under isospin conservation, the first decay requires at least two pions in the final state, which requires
two gluons, as in ¢/ — J/¢ywm. Therefore these decays are strongly suppressed. The second background from B
decays producing an s5 meson in the final state are also negligible with the requirement of m(Dspap) > 4.30 GeV /c2.
In addition, B multi-body decays can affect the sample composition. Since the D — ¢X decays are Cabbibo- and
color-suppressed in contrast to Ds — ¢ X, the possible decay contains a kaon in the final state. A large portion of
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FIG. 2: Invariant mass distributions for the Ds¢2p sample - (a) m(¢17) spectrum and (b) m(KK) spectrum. The correlation
between Ds(¢1m) and ¢p(KK) is exploited by the two-dimensional unbinned likelihood fit.

these decays, however, can be removed by the mass cut on the Dgpop system. The third background component
yields a high mass distribution in the Dg(¢ou) system. Therefore a mass cut of m(¢gau) < 1.85 GeV/c? reduces
its contamination. In the fourth background the production of a ¢ meson from fragmentation accompanied by a

BY — Dg*);w decay could also fake the signal events. Such events are entirely rejected by requiring VPDL > 150 um.

The fifth background from the c¢ — Dg*)Dg*)X contribution can be calculated from the c¢ contribution in the Dgu
sample, f.z, by the relation

Nee(Dspop)  Br(cc — Dsgap) €(cc — Dspap)

N(Dgpt)fee(Dgpt) — Br(cé — Dgp) €(cc — Dgp)

where N,; is the number of c¢ events and € is the reconstruction efficiency. An estimate of 0.51 + 0.54 events and
0.39 £ 0.41 events is obtained for the c¢¢ contribution in the Dg¢ou sample for Run ITa and Run IIb.

The signal fraction of BY — Dg*)Dg*) in the Ds¢op sample is estimated by assuming the background is dominated
by the two processes: B0 Dg*)Dg*)KX and Bg — Dg*)uud). Fig. 3 shows a two-dimensional mass distribution
of the two systems, m(¢2u) and m(Dsgpap), for each decay process. We divide the plot into nine different regions
according to selection cuts made to the Ds¢pop sample and take into account three regions labeled 1, 2, and 3. We
define M; as the total number of events in the sample for channel 7 and n; as the number of events in region j, which
can be obtained from the fitting procedure. Defining f; ; as the fraction of events in the j region being occupied by
the channel i, which can be estimated from the MC sample, the following equation is applicable in region i:

n; = fa,j : Ma +fb,j : Mb+f¢2,j 'Mc;

where the channel a corresponds to the B? — D p decay, b to the B*0 — DYDY KX decay, and c to the
BY — Dg*) ur¢ decay. Finally, a 3 x 3 matrix equation can be constructed as

ny fa1 fo1 fen M,
ne | = | fa2 fo2 fe2 My
ns3 fa,B .fb,B fc,B M,

By solving this matrix equation, the number of Dg*)Dg*) events can be expressed as N(Dg*)Dg*)) = fa,1- M, and the

number of c¢ events as Ncg(Dg*)Dg*)) = Neae(Dstop) - (fan - Ma)/ > ;(fin - M;), where i = a, b, c¢. Then the number
of pure signal events is given by N(B? — Dg*)Dg*)) = N(Dg*)Dg*)) - Ncg(Dg*)Dg*)). The statistical errors in ng, ns,
and Ncg(Dg*)Dg*)) are taken into account as systematic uncertainties.

V. OTHER COMPONENTS

The reconstruction efficiency is estimated through a MC study. We generate exclusive samples for B? — Dg*) 0%
and BY — Dg*)Dg*) and apply the same fitting procedure as for the data sample, except removing the D* — ¢m. The
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FIG. 3: Two dimensional plot of m(¢p2u) vs. m(Dspapu). The signal channel BY — DL DS is represented by red (dark) dots

while two background channels, B¥* — DD KX and BY — Dg*);u/qﬁ, are represented by blue (dark) and green (bright)
boxes respectively. The regions labeled 1, 2, and 3 as in (b) are dominated by a particular decay channel.

resulting estimate of the ratio of reconstruction efficiencies, ¢(B? — Dg*)Dg*))/e(BSO — Dg*)w/), is (8.7+1.5) % for
Run ITa and (8.0+£1.5) % for Run IIb. This measurement also requires branching ratios which we take from the current

PDG [10]: Br(BY — D{ pv) = 0.07940.024, Br(Dy — ¢puv) = 0.0249-+0.0028, and Br(¢ — KK ~) = 0.49340.006.

VI. SYSTEMATIC UNCERTAINTIES

The main systematic uncertainty arises from the precision in the branching ratio measurements from the PDG
[10]. They are allowed to vary within one standard deviation to obtain the systematic uncertainty. Br(B? —

Dg*)uu) = 0.079+0.024 is the dominant source which gives a > 50 % contribution to the total systematic uncertainty.
The Br(Ds; — ¢uv) = 0.0249 £ 0.0028 also contributes to the uncertainty. The uncertainty of the reconstruction
efficiency ratio comes from the weighting process to the MC samples to account for the trigger effect. We calculate
its error from the difference in measurements between with and without the trigger efficiency curve applied to the
samples. The fitting procedure in the Dg¢ou sample is responsible for a systematic uncertainty by forcing all signal
PDF parameters to be fixed. We free all parameters in the Ds(¢17) system and follow the same procedure, then
we estimate its contribution as difference between two approaches. The matrix method used in the D ¢op sample
decomposition gives rise to another uncertainty. The error in this calculation results from the lack of statistics due
to the small sample size. Contributions to the systematic uncertainty from the estimation of the fraction, f, and the
peaking background are negligible.

TABLE I: Summary of systematic uncertainties.

Source Uncertainty
Br(B, — D) 0.0127
Br(Ds — ¢uv) 0.0047
Br(¢ — KK) 0.0006
e(D$Y DY) Je(DS jv) 0.0072
fitting procedure 0.0071
N(D$ DY) (Matrix) 0.0041
N(Dsp) 0.0005
f(Bs — D& ) 0.0006
cc background 0.0011

Total 0.0174




VII. RESULT AND CONCLUSION

Using all these inputs, we obtain the branching ratio from Eq. (2):
Br(B? — D D)) = 0.042 + 0.015(stat) + 0.017(syst).

The systematic uncertainty could be significantly improved by a more precise measurement of the branching ratio

Br(B? — DY uv). Assuming Eq. (1) is applicable under certain theoretical assumptions and allowing for no new
physics, we obtain

AT

S

® = 0.088 & 0.030(stat) = 0.036(syst).

This result is consistent with the SM prediction [7] where CP violation in BY mixing is assumed to be small.
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